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This  paper  presents  the  verification  of  soft  switching  condition  for  three- 
phase  AC  to  DC  current  injection  hybrid  resonant  converter  (CIFIRC)  with 
wireless  power  transfer  (WPT)  function.  Details  on  the  operation  of  current 
injection  technique  with  the  lossless  zero  voltage  switching  (ZVS)  condition 
on  shaping  the  high  power  factor  of  supply  current  waveforms  are  presented. 
With  a  suitable  high  switching  frequency  operation,  the  proposed  resonant 
converter  is  capable  to  operate  with  ZVS  conditions,  thus,  allowing  reduction 
in  the  size  of  inductive  and  magnetic  components.  Selected  results  are  also 
presented  to  verify  the  lossless  ZVS  condition  for  three-phase  AC-DC 
CIHRC  with  WPT  function. 
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I.  INTRODUCTION 

The  proliferation  of  power  electronic  system  has  sparked  the  rectifier  as  an  important  approach  to 
obtain  the  DC  output  voltage  from  an  input  AC  voltage  [1],  [2].  Due  to  the  merits  such  as  low  switch  stress, 
low  output  ripple  and  better  power  factor  were  among  the  factor  of  three-phase  variants  being  more  preferred 
as  compared  to  single-phase  variants  [1].  Conventional  three-phase  rectifier  circuit  as  shown  in  Eigure  1  (a) 
used  diode-bridge  to  perform  their  operations  [3].  However,  it  will  produce  undesirable  distorted  line  current 
as  shown  in  Eigure  1  (b)  with  low  power  factors  which  could  possibly  cause  harmonic  pollution  in  the  power 
supply  system  [2] -[5].  Moreover,  the  additional  harmonic  losses  in  the  utility  system  were  capable  to  excite 
electrical  resonance,  resulting  in  large  over  voltages  [2].  Thus,  in  order  to  avoid  the  harmonic  pollution  of  the 
utility  system,  several  standards  such  as  the  IEEE  Std.  519  have  been  developed  and  were  being  enforced  on 
the  harmonic  content  of  the  current  and  voltage  drawn  by  power  electronic  converters  [1],  [4],  [6].  To  solve 
this  problem,  other  options  such  as  power  factor  correction  (PEC)  converters  and  active  power  filter 
technique  to  compensate  for  the  harmonic  current  generated  by  the  diode  rectifiers  have  been  developed 
extensively  [3]. 

With  stringent  power  quality  regulations,  PEC  has  become  an  active  research  topic  in  power 
electronics.  In  line  with  this  trend,  there  were  many  topologies  or  techniques  proposed  and  developed  to 
improve  high  power  factor  three-phase  rectifier  [7].  Recently,  among  all  of  these  techniques,  the  current 
injection  rectifier  was  the  most  attractive  in  applications  of  AC  to  DC  converter  topologies.  This  technique 
was  known  for  its  high  performances  in  terms  of  power  factor,  efficiency,  reliability,  lightweight  feature, 
output  voltage  regulation  and  simple  upgrading  to  the  existing  three-phase  rectifier  circuit  [8]-[ll]. 
In  addition,  the  current  injection  technique  was  more  practical  due  to  its  simplicity  [12].  Basically,  there  are 
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three  types  of  current  injection  techniques  namely,  the  third  harmonics  sinusoidal  current  injection,  the 
optimal  current  injection  and  the  square-wave  current  injection  [9],  [13]. 

The  third-harmonic  current  injection  is  a  popular  method  to  effectively  solve  the  input  current 
harmonic  content  of  three-phase  diode  bridge  rectifiers  [14].  This  technique  was  first  realised  by  Bird  et  al.  in 
1969  [15].  Further  investigations  on  this  technique  have  been  carried  out  by  Ametani  [16].  In  this  technique, 
the  current  waveform  on  the  DC  windings  of  the  converter  transformer  was  modified  by  injecting  a  harmonic 
current  at  a  particular  frequency.  As  a  result  of  this,  the  original  current  waveform  on  these  windings  was 
deformed  by  the  injected  current.  Hence,  through  a  proper  shaping  of  the  supply  current  waveform,  it  was 
possible  to  reduce  their  harmonic  components  [16]. 

The  three-phase  current  injection  rectifier  as  shown  in  Figure  2  typically  consists  of  three  main 
parts,  a  diode  bridge  rectifier,  a  modulation  circuit  and  a  distribution  circuit.  The  three-phase  diode  bridge 
rectifier  was  used  to  rectify  an  electrical  energy  from  an  AC  to  a  DC  form.  The  second  part  of  the  three  -phase 
current  injection  rectifier  is  the  modulation  circuit  which  was  a  major  part  of  this  technique.  The  principle 
function  of  a  modulation  circuit  was  to  shape  the  DC  current  at  the  output  of  the  diode  bridge  rectifier  by 
generating  the  third  harmonic  current  which  can  be  implemented  using  a  passive  or  an  active  approach  [17]. 
The  purpose  of  the  current  shaping  approach  is  to  control  the  amount  of  current  that  flowed  through  injector 
and  the  harmonic  content  of  injected  current.  The  concept  of  this  approach  was  based  on  a  prior  assumption 
that  to  create  a  symmetric  three-phase  harmonic-free  rectification.  In  this  way,  all  the  three-phase  input 
should  observe  the  same  impedance,  linear  and  purely  resistive  [18].  The  distribution  circuit’s  function  is  to 
inject  a  zero-sequence  current  into  the  AC  supply  voltage.  This  will  prevent  the  discontinuity  of  the  AC 
supply  current  waveform  resulting  in  high  power  factor  with  low  total  harmonic  distortion  (THD)  level  [19]. 
Several  other  approaches  could  be  implemented  for  the  distribution  circuit  in  three-phase  current  injection 
rectifier.  This  includes  the  zigzag-connected  transformer,  inductor-capacitor  injectors,  a  specific  magnetic 
device  injector,  a  delta-star  transformer  and  a  bidirectional  switches.  These  approaches  were  used  to  inject 
the  current  generated  by  the  modulation  circuit  to  the  AC  input  side  of  the  controlled  rectifier 
circuit  [17],  [20]. 

The  series  configuration  of  the  current  injection  resonant  converter  (CISRC)  as  shown  in  Figure  3 
was  first  realised  by  Cross  [21].  In  such  a  circuit,  an  autotrans former  was  employed  to  step  up  the  output 
voltage  which  is  connected  at  the  output  of  the  single-phase  high-frequency  inverter.  This  inverter  operated 
from  the  split  capacitor  DC  link  consisting  of  two  active  switches  driven  by  a  fixed  duty  ratio  of  0.5. 
The  autotransformer  was  also  used  to  drive  a  sinusoidal  current  through  the  series  resonant  circuit.  This  was 
implemented  by  a  rectification  of  the  resonant  current  to  generate  the  output  voltage.  Other  than  being  used 
to  generate  the  output  voltage,  the  resonant  current  was  also  injected  into  the  three-phase  rectifier  to 
modulate  the  supply  voltages  of  such  a  converter  resulting  in  high  input  power  factor  [21]. 

Furthermore,  small  signal  model  and  dynamic  analysis  of  the  CISRC  have  been  reported  in  [22]  and 
[23]  to  control  the  the  output  voltage  level.  Onother  works  in  [24]  and  [25]  have  shown  that  it  was  possible  to 
remove  the  autotransformer  through  the  inclusion  of  a  straightforward  high  frequency  transformer  as  shown 
in  Figure  4,  thereby  reducing  the  weight  of  the  converter  [24],  [25].  The  full-bridge  CISRC  provides  an 
alternative  output  voltage  regulation  via  phase-shift  contol  and  reduces  the  device  current  as  experienced  by 
the  half-bridge  configuration.  Unfortunately,  there  have  been  no  experimental  verifications  reported  for  the 
circuit  topology. 

Due  to  setbacks  of  the  existing  series  circuit  topology  like  being  limited  to  regulate  the  output 
voltage  at  light  or  zero  load  conditions,  the  CIHRC  as  shown  in  Figure  5  was  developed  in  [27]-[29]  to  solve 
the  resonant  current  dependency  problem  of  the  series  circuit  configuration  of  resonant  converter.  Further 
advanced  application  of  the  proposed  converter  in  line  with  the  rapid  development  of  wireless  power  transfer 
(WPT)  is  presented  in  [30]-[31].  This  future  innovative  technology  of  WPT  integrates  the  proposed  three- 
phase  AC  to  DC  CIHRC  with  its  system  to  explore  the  possibility  of  supplying  electric  power  especially  for 
mobile  or  rotating  devices  without  any  wire  or  cable.  As  a  result  of  this,  additional  isolation  to  the  proposed 
converter  model  can  be  envisaged,  ensuring  a  spark-free  and  maintenance-free  system.  Furthermore,  the  used 
of  WPT  technology  can  improve  the  reliability  of  such  systems  in  critical  applications  such  as  robotics, 
biomedicine,  aerospace  and  multi-sensor  which  can  then  set  such  devices  or  systems  free  from  the 
inconvenient  wires  [26]. 

In  this  paper,  the  operation  of  current  injection  technique  with  the  lossless  zero  voltage  switching 
(ZVS)  condition  on  shaping  the  high  power  factor  of  supply  current  waveforms  are  presented.  With  an 
appropriate  design  of  hybrid  resonant  circuit  and  a  suitable  switching  frequency  selection,  the  devices  is 
capable  to  operate  under  virtually  lossless  ZVS  conditions  with  high  frequency  operation  allowing  reduction 
in  the  size  of  inductive  and  magnetic  components. 
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Figure  1 .  Three-phase  rectifier  (a)  Circuit  configuration,  (b)  Associated  line  current  and  voltage  waveform 


Figure  4.  The  full-bridge  CISRC  circuit 
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2.  SOFT  SWITCHING  OF  CIHRC  WITH  WPT  FUNCTION 

The  CIHRC  with  WPT  function  is  shown  in  Figure  6  divided  into  two  major  components; 
a)  transmitter  circuit,  and  b)  receiver  circuit.  In  this  work,  the  CIHRC  technique  was  used  to  compensate  the 
distorted  supply  current  waveform  in  order  to  improve  the  power  factor  of  the  rectifier  feeding  a  load 
comprising  a  resistor  and  a  capacitor  filter.  The  inclusion  of  the  transmitter  and  receiver  coils  in  the  proposed 
three-phase  AC  to  DC  CIHRC  could  enhance  the  capability  of  the  converter  to  supply  electrical  power  to  the 
load  wirelessly.  For  this  purpose,  the  capacitor  Cpa2  which  use  the  same  value  with  the  capacitor  Cpai  was 
connected  in  parallel  with  the  receiver  coil  to  obtain  the  same  total  impedance  with  the  transmitter  coil. 

First,  the  utility  AC  supply  was  converted  to  a  DC  voltage  using  a  three-phase  diode  bridge  rectifier. 
Apart  from  converting  AC  supply  to  DC  voltage  form,  it  contributed  to  the  distorted  supply  current 
waveform  and  low  power  factor.  To  solve  this  problem,  the  CIHRC  technique  was  used  to  compensate  the 
supply  current  waveform  to  become  sinusoidal,  continuous  and  in-phase  with  the  supply  voltage  waveform. 
Then,  the  DC  voltage  was  converted  to  a  high-frequency  AC  voltage  form.  An  autotransformer  was  used  as 
part  of  the  CIHRC  circuit.  The  output  of  an  autotrans former  consisted  of  a  resonant  current.  Ires  and  a 
switching  leg  voltage,  Vdc-dc.  The  high-frequency  resonant  current  will  flow  through  a  transmitter  coil 
thereby  generating  the  alternating  magnetic  fields. 

The  purpose  of  receiver  coil  was  to  capture  the  oscillating  magnetic  field  which  in  turn,  generates  or 
induces  an  electric  current  in  the  receiver  coil.  In  the  end,  the  AC  voltage  on  the  receiving  coil  was  rectified 
to  the  DC  voltage  form.  A  DC  capacitor  was  used  to  reduce  the  output  voltage  ripple  before  being  connected 
to  the  DC  load. 


3.  RESULTS  AND  ANALYSIS 

Figure  7  shows  the  simulation  results  of  the  supply  current  and  voltage  waveforms.  The  result 
showed  that  the  supply  current  was  continuous,  sinusoidal  and  in-phase  with  the  supply  waveform  with  the 
THD  level  is  2.71%.  Figure  8  shows  that  the  comparison  results  of  the  harmonics  spectrum  of  the  supply 
current  waveform  with  the  IEEE  Std  519.  The  comparison  result  clearly  shows  that  the  harmonic  spectrums 
of  the  supply  current  waveform  were  well  below  the  acceptable  limit  defined  by  the  IEEE  Std  519.  The 
efficiency  of  the  three-phase  AC  to  DC  CIHRC  with  WPT  function  of  92%  was  obtained  with  the  power 
factor  of  0.997. 

The  simulation  results  of  the  resonant  current  Ires  and  voltage  leg  VDC-DC  waveforms  of  the  three- 
phase  AC  to  DC  CIHRC  with  WPT  function  is  shown  in  Eigure  9.  It  can  be  seen  that  the  resonant  current. 
Ires  lagged  with  the  voltage  leg,  Vdc-dc.  Eigure  10  shows  the  output  voltage  waveform  of  the  three-phase  AC 
to  DC  CIHRC  with  WPT  function.  Eigure  1 1  shows  the  simulation  result  of  the  upper  switch,  (S  i)  and  lower 
switch,  (S2)  with  PWM  signal  during  positive  and  negative  cycle  operations  respectively.  Based  on 
Eigure  11,  when  the  lower  switch  is  turned -OEE,  the  resonant  current  cannot  flow  through  the  lower  switch. 
Hence,  the  only  path  that  the  resonant  current  has  is  through  the  body  diode  of  the  upper  switch  which  is 
illustrated  by  the  negative  current  of  T,  results  in  the  voltage  across  the  upper  switch  Vds  equals  to  zero.  It 
can  be  observed  that  both  switches  perform  their  zero-voltage-switching,  thus  verified  the  soft  switching 
transitions  of  the  converter. 
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Figure  7.  The  red  phase  of  supply  current  and 
voltage  waveforms 


Figure  8.  Comparison  result  of  the  harmonics 
spectrum  of  the  supply  current  waveform  with  the 
lEEEStd.  519 
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Figure  9.  The  resonant  current  Ires  and  voltage  leg 
VDC-DC  of  proposed  three-phase  AC-DC  CIHRC 
with  WPT  function 


Figure  10.  The  output  voltage  waveform  of  three- 
phase  AC-DC  CIHRC  with  WPT  function 
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Figure  11.  Simulation  result  of  soft  switching  of  Si  (upper  switch)  and  S2  (lower  switch)  with  PWM  signal 
for  the  of  three-phase  AC  to  DC  CIHRC  with  WPT  function 
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4.  CONCLUSION 

In  this  paper,  verification  of  the  soft  switching  lossless  ZVS  condition  for  the  CIHRC  with  WPT 
function  was  presented.  The  performance  of  the  converter  has  been  evaluated  by  assessing  the  efficiency,  the 
power  factor  and  the  THD.  The  supply  current  waveform  of  the  CIHRC  with  WPT  function  resulted  with  an 
almost  sinusoidal  and  in-phase  with  the  supply  voltage  thus  contributing  to  the  low  THD  level  of  2.71% 
which  also  satisfying  the  IEEE  Std.  519.  The  maximum  power  transfer  efficiency  of  92%  was  achieved  at  a 
distance  of  transmitter  and  receiver  coils  of  5  mm  and  coupling  coefficient  of  0.54.  The  comparison  of  the 
individual  harmonic  spectrum  of  the  red  phase  supply  current  waveform  with  the  IEEE  Std.  519  showed  that 
all  of  the  harmonic  spectrum  were  well  below  the  acceptable  limit  and  satisfied  the  standard. 
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